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D i r e c t  l i q u e f a c t i o n  of low-rank c o a l s  by h igh  p r e s s u r e ,  h igh  t empera tu re  pro- 
cesses u s u a l l y  u t i l i z e s  a p rocess -gene ra t ed  s o l v e n t  t o  d i s p e r s e  t h e  c o a l  a s  a s l u r r y  
and t o  a c t  a s  an H-donor d u r i n g  r e a c t i o n .  The r o l e  p layed  by  t h e  s o l v e n t  i s ,  the re -  
f o r e ,  a c e n t r a l  one.  The s e l e c t i o n  and e v a l u a t i o n  o f  s t a r t - u p  s o l v e n t s ,  changes i n  
t h e  s o l v e n t  w i t h  p r o c e s s i n g ,  changes i n  t h e  r e c y c l e  m a t e r i a l  w i t h  approach t o  
r e a c t o r  e q u i l i b r i u m ,  changes in s o l v e n t  c h a r a c t e r  i n  response  t o  changes i n  p rocess  
v a r i a b l e s  and mechanisms o f  s o l v e n t - c o a l  i n t e r a c t i o n s  a r e  impor t an t  i n  d i r e c t  
1 ique  f a c t i o n .  

The e f f e c t  o f  s o l v e n t  on t h e  y i e l d  s t r u c t u r e  and o p e r a b i l i t y  du r ing  low-rank 
c o a l  l i q u e f a c t i o n  i s  o f t e n  v e r y  l a r g e .  The changes t h e  s o l v e n t  undergoes dur ing  
passage  through t h e  r e a c t o r  i n  con t inuous  p r o c e s s i n g  u n i t s  o r  du r ing  b a t c h  au toc lave  
r e a c t i o n s  may make t h e  d e t e r m i n a t i o n  of t r u e  y i e l d  s t r u c t u r e s  v e r y  d i f f i c u l t .  These 
e f f e c t s  are t h e  r e s u l t  o f  s o l v e n t  i n s t a b i l i t y  and changes under p r o c e s s i n g  condi- 
t i o n s  a s  well a s  va ry ing  s o l v e n t  i n t e r a c t i o n s  w i t h  t h e  c o a l .  Some examples of these  
e f f e c t s  and o f  how they  a l t e r  y i e l d  s t r u c t u r e  d u r i n g  low-rank c o a l  CPU o p e r a t i o n  
have been r e p o r t e d  ( 1 ) .  

The c r i t e r i a  f o r  e v a l u a t i n g  low-rank c o a l  s o l v e n t s  may conven ien t ly  be d iv ided  
i n t o  s i x  c a t e g o r i e s :  1. p h y s i c a l  p r o p e r t i e s ,  i n c l u d i n g  v i s c o s i t y ,  s p e c i f i c  grav- 
i t y ,  s o l v e n t  mixing p r o p e r t i e s ,  and b o i l i n g  p o i n t  d i s t r i b u t i o n ;  2 .  t he rma l  s t a b i l -  
i t y ;  3 .  p o t e n t i a l  H-donor a b i l i t y ;  4 .  pheno l i c  c o n t e n t ;  5 .  coking tendency;  and 
6 .  compound t y p e  d i s t r i b u t i o n .  

Th i s  p a p e r  d i s c u s s e s  some o f  t h e  changes i n  compound type  d i s t r i b u t i o n  f o r  
p a s s e s  one through f o u r t e e n  f o r  two l i q u e f a c t i o n  runs  which were s t a r t e d  up wi th  
d i f f e r e n t  s o l v e n t s .  

EXPERIMENTAL 

Di rec t  l i q u e f a c t i o n  was c a r r i e d  ou t  i n  t h e  Grand Forks  Energy Technology Cen- 
t e r ' s  4 . 5  kg s l u r r y / h r  con t inuous  p r o c e s s i n g  u n i t  o p e r a t i n g  i n  t h e  bottoms r e c y c l e  
mode ( 1 ) .  The o p e r a t i n g  c o n d i t i o n s  and n e t  y i e l d s  f o r  t h e  runs d i s c u s s e d  a r e  summar- 
i z e d  i n  Table 1. 

The s t a r t u p  s o l v e n t s  and r e c y c l e  s l u r r y  ASTM D-1160 d i s t i l l a t e s  from each  run 
were c h a r a c t e r i z e d  by multi-method a n a l y s i s .  The s e p a r a t i o n s  were e f f e c t e d  us ing  
s i l i c a  g e l  column chromatography and s o l v e n t  e x t r a c t i o n .  Determina t ion  o f  t h e  
f r a c t i o n  components was by 50 MHz 13C,  200 MHz l H  NMR spec t romet ry  and c a p i l l a r y  GC 
a s  p rev ious ly  r epor t ed  ( 2 ) .  S e l e c t e d  f r a c t i o n s  were ana lyzed  by c a p i l l a r y  GC-mass 
spec t romet ry .  

The s o l v e n t - e x t r a c t i o n  nonpolar  f r a c t i o n  o f  t h e  ASTM D-1160 d i s t i l l a t e  was 
d i v i d e d  i n t o  (CH3)2SO s o l u b l e  and (CH3),S0 i n s o l u b l e  p o r t i o n s  a s  d e s c r i b e d  i n  t h e  
r e f e r e n c e  (2) t o  s i m p l i f y  i n t e r p r e t a t i o n  of t h e  13C NMR s p e c t r a .  The (CH3)2S0 
s o l u b l e  f r a c t i o n  con ta ined  a r o m a t i c  hydrocarbons  wi th  two o r  more r i n g s  and a romat i c  
e t h e r s .  The (CH312SO i n s o l u b l e  f r a c t i o n  con ta ined  mainly a l k a n e s ,  a l k y l  benzenes 
and t e t r a l i n s .  There was compound o v e r l a p  between t h e s e  two f r a c t i o n s .  The 
concen t r a t ion  of some components o f  t h e  (CH3),S0 s o l u b l e  and i n s o l u b l e  f r a c t i o n s  
were determined by q u a n t i t a t i v e  50 MHz 13C NMR spec t romet ry .  A weighed amount of 
t h e  sample t o  be examined was combined wi th  a known weight  o f  i n t e r n a l  s t a n d a r d  
d ioxane  and r e l a t i v e  peak i n t e n s i t i e s  were used t o  de t e rmine  t h e  c o n c e n t r a t i o n s  of 
t h e  components. The weight  p e r c e n t  o f  each  component was c a l c u l a t e d  a f t e r  c a l i b r a -  
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t i o n  w i t h  a s t a n d a r d .  F i g u r e  1 shows a n  example o f  t h e  1 3 C  NMR s p e c t r a  obta ined  and 
t h e  resonance l i n e s  used t o  de te rmine  d ibenzofuran ,  phenyl  e t h e r ,  acenaphthene,  
f l u o r e n e ,  f l u o r a n t h e n e ,  t e t r a l i n ,  phenanthrene and 2-methylnaphthalene.  The compon- 
e n t  c o n c e n t r a t i o n s  were c a l c u l a t e d  f o r  bo th  f r a c t i o n s ,  weighted f o r  f r a c t i o n  s i z e  
and summed. 

DISCUSSION 

The s t a r t  up s o l v e n t s  used i n  t h e  two l i q u e f a c t i o n  runs  of  Beulah,  North Dakota 
(B-3) l i g n i t e  r e p o r t e d  h e r e  were q u i t e  d i f f e r e n t  i n  composi t ion .  The s o l v e n t  HAOBI 
was t h e  vacuum bottoms p o r t i o n  of an a n t h r a c e n e  o i l  (A01 from Crowley Tar  Products  
CO.) which had been h y d r o t r e a t e d  over  a commercial Co-Mo c a t a l y s t  i n  t h e  GFETC 
t r i c k l e  bed r e a c t o r .  The 200 MHz l H  NMR shown i n  F i g u r e  2 i n d i c a t e s  t h a t  HAOBI was 
a h i g h l y  a l k y l a t e d  mixture  of heavy a r o m a t i c s .  T h i s  i s  i n d i c a t e d  by t h e  l a r g e  Ha 
s i g n a l  a t  2 .5  t o  3 . 1  ppm caused by pro tons  on carbons  a d j a c e n t  t o  a romat ic  r i n g s .  
The o t h e r  s o l v e n t  was a blend of  A04, a h i g h l y  a r o m a t i c  a n t h r a c e n e  o i l  (Crowley Tar  
Products  Co.), and SRC I1 p r o c e s s  middle d i s t i l l a t e .  The 'H NMR of  A04 i l l u s t r a t e d  
in F i g u r e  2 i n d i c a t e s  70% a r o m a t i c  hydrogen s i g n a l s  and a s m a l l  amount o f  non-aroma- 
t i c  hydrogens. The A04 c o n s i s t e d  of 2 and 3 r i n g  a r o m a t i c  s t r u c t u r e s .  The a l k a n e  
a n a l y s i s  was c a r r i e d  o u t  g r a v i m e t r i c a l l y  by s i l i c a  g e l  column chromatography. Both 
o i l s  have l o w  enough a l k a n e  c o n c e n t r a t i o n s  t o  minimize s o l v e n t  c racking  above 460OC. 

however, a s  was s e e n  from t h e  lH NMR s p e c t r a ,  t h e y  a r e  very  d i f f e r e n t  chemical 
mix tures .  Both of t h e s e  o i l s  were adequate  s t a r t - u p  s o l v e n t s  f o r  d i r e c t  l i q u e f a c -  
t i o n .  I n  t h e  s t u d i e s  r e p o r t e d  h e r e ,  t h e  HAOBl was used d i r e c t l y  (Run 45) and t h e  
A04 was mixed 60/40 by weight  w i t h  a n  SRC I1 middle  d i s t i l l a t e ,  (SRCMD, Table  21 ,  t o  
s i m u l a t e  a l i n e d - o u t  r e c y c l e  s o l v e n t  (Run 65) .  

During d i r e c t  l i q u e f a c t i o n  p r o c e s s i n g ,  a c o n s t a n t  a r o m a t i c - a l i p h a t i c  carbon 
r a t i o  of t h e  s l u r r y  ASTM D-1160 d i s t i l l a t e  o i l s  was o b t a i n e d  a f t e r  9-10 passes  
through t h e  r e a c t o r .  F i g u r e  3 shows a p l o t  of t h e  f r a c t i o n  of  a romat ic  carbon,  f a ,  
a g a i n s t  t h e  pass  number. The s t a r t - u p  mixture  o f  A04 and SRCMD (60/40) had an 
a romat ic  carbon f r a c t i o n ,  f a ,  of 0 .79 .  A f t e r  9-14 p a s s e s  t h e  v a l u e  had dropped t o  
0 .70 and l e v e l e d  o f f .  

The change i n  c o n c e n t r a t i o n  of  some components w i t h  t h e  number of passes  
through t h e  r e a c t o r  was convenient ly  fol lowed by 1 3 C  NMR spec t romet ry .  These 
changes a r e  p r e s e n t e d  i n  F i g u r e s  4 and 5 .  F luoranthene ,  phenanthrene ,  acenaphthene,  
and d ibenzofuran  change most r a p i d l y  d u r i n g  t h e  14 p a s s e s  through t h e  r e a c t o r ,  
dropping t o  1/10 t o  1 / 3  of  t h e i r  f i r s t  p a s s  c o n c e n t r a t i o n s .  These components a r e  
n o t  formed from t h e  l i g n i t e  a s  r a p i d l y  a s  t h e y  a r e  b e i n g  d i s p l a c e d  from t h e  recyc le  
p a s s  s l u r r i e s  by t h e  product  format ion .  Other  components determined showed gradual  
changes i n  c o n c e n t r a t i o n  and appeared t o  be  approaching  c o n s t a n t  composi t ion.  
During t h i s  same t ime t h e  c o n c e n t r a t i o n  o f  phenols  i n c r e a s e d  from 13.0% a f t e r  p a s s  1 
t o  17.0% a f t e r  p a s s  14 .  The changes seen  i n  t h e  c o n c e n t r a t i o n s  of  t h e s e  components 
i n  a d d i t i o n  t o  r e f l e c t i n g  d i l u t i o n  a s  t h e  s o l v e n t  i s  r e p l a c e d  by l i g n i t e - d e r i v e d  
p r o d u c t s ,  a l s o  r e p r e s e n t s  a b a l a n c e  between d e g r a d a t i o n  and product ion  of  each 
component. 

F i g u r e  6a and 6b show t h e  13C NMR s p e c t r a  of  t h e  (CH3)zS0 s o l u b l e  f r a c t i o n  of 
t h e  r e c y c l e  s l u r r y  d i s t i l l a t e  from two runs  wi th  North Dakota Beulah-3 (83) l i g n i t e .  
F i g u r e  6a shows t h e  spectrum f o r  p a s s  12 when HAOBl was used a s  t h e  s t a r t - u p  so lvent  
(Run 45) ;  whi le  F i g u r e  7b shows t h e  spectrum from p a s s  14 when a mixture  of A04 and 
SRCII middle d i s t i l l a t e  was t h e  s t a r t - u p  s o l v e n t  (Run 65) .  The (CH3I2SO s o l u b l e  
p o r t i o n  of  t h e  AOLISRCMD i s  shown f o r  comparison i n  F i g u r e  7c.  When a comparable 
l i q u e f a c t i o n  run i s  s t a r t e d  wi th  a d i f f e r e n t  s o l v e n t ,  a n a l y s e s  of  t h e  products  a re  
d i f f e r e n t  a f t e r  14 p a s s e s .  Many of  t h e  same components were found i n  each of  the 
l i q u i d s  b u t  t h e r e  a r e  some components t h a t  a r e  not  common t o  both .  The e t h e r s ,  
d ibenzofuran  and phenyl  e t h e r ,  in t roduced  wi th  t h e  AO4/SRCMD a r e  one of  t h e  mast 
prominent f e a t u r e s  of t h e  13C NMR s p e c t r a  o f  a l l  t h e  l i q u i d s  f o r  which t h i s  s t a r t - u p  
s o l v e n t  was used.  I n  Run 6 5 ,  t h e  c o n c e n t r a t i o n s  of  t h e s e  e t h e r s  l e v e l  o f f  a t  20 t o  

The two anthracene  o i l s  have n e a r l y  i d e n t i c a l  e l e m e n t a l  a n a l y s e s  and H / C  r a t i o s ;  
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40% of t h e i r  i n i t i a l  c o n c e n t r a t i o n  i n  t h e  s t a r t - u p  m a t e r i a l  (F igure  5 ) .  This  i n d i -  
c a t e s  some product ion  of e t h e r s  from t h e  c o a l  o r  from o t h e r  components o f  t h e  Solvent 
i s  t a k i n g  p l a c e .  I n  Run 4 5 ,  which was s t a r t e d  w i t h  HAOB1, both o f  t h e s e  e t h e r s  a r e  
a b s e n t  i n  t h e  p r o d u c t s .  

Multi-method a n a l y s i s  of  t h e  two s l u r r y  ASTM d i s t i l l a t e s  is given i n  Table  3 .  
The p e r c e n t  of  t h e  ASTM d i s t i l l a t e  c h a r a c t e r i z e d  ranged from 45 t o  48%. 

I t  may be  concluded t h a t :  

1. A new technique  f o r  d e t e r m i n a t i o n  of s e l e c t e d  major components of t h e  
vacuum d i s t i l l a t e  f r a c t i o n  of l i g n i t e  l i q u e f a c t i o n  product  was developed 
u s i n g  50 MHz I 3 C  NMR a n a l y s i s  preceded  b y  s imple  a n a l y t i c a l  s e p a r a t i o n s .  

2 .  While average  molecular  p r o p e r t i e s  such a s  f a  v a l u e s  may appear  c o n s t a n t ,  
some components of  t h e  vacuum d i s t i l l a t e  of a r e c y c l e  s l u r r y  cont inue  t o  
change i n  c o n c e n t r a t i o n  w h i l e  o t h e r s  a p p e a r  t o  be  n e a r i n g  c o n s t a n t  composi- 
t i o n .  

C e r t a i n  unique components such  a s  d ibenzofuran  and d i p h e n y l e t h e r  were only 
p r e s e n t  i n  p r o d u c t s  o f  runs  where t h e y  were p r e s e n t  i n  t h e  s t a r t  up sol-  
v e n t .  

3 .  

4 .  Concent ra t ion  d i f f e r e n c e s  were noted  among t h e  compounds determined i n  t h e  
multi-method a n a l y s i s  of  vacuum d i s t i l l a t e s  of  r e c y c l e  s l u r r i e s  s t a r t e d  up 
wi th  d i f f e r e n t  s o l v e n t s .  A d d i t i o n a l  d i f f e r e n c e s  were observed i n  examina- 
t i o n  of t h e  whole sample by NMR, s u g g e s t i n g  f u r t h e r  v a r i a t i o n s  among t h e  
52-54% of t h e  sample n o t  i d e n t i f i e d  by t h e  multimethod a n a l y s i s .  
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i TABLE 1 

CONTINUOUS PROCESS UNIT - SLURRY RECYCLE TESTS 

CPU Run No. 

Coal 
Coal m o i s t u r e ,  w t  % 
Addi t ive  
Gas 
S t a r t - u p  s o l v e n t  

Run Condi t ions :  

Temperature ,  O C  

P r e s s u r e ,  p s i g  
Reactor  

Summary Data (wt % maf c o a l ) :  

Net d i s t i l l a t e  
Net SRL + d i s t i l l a t e  
O v e r a l l  maf c o a l  

convers ion  
No. p a s s e s  through 

r e a c t o r  

45 

B3 
29.5 

L t  o i l  
H 2  

M O B  1 

460 
2000 

O T R ~  

45.4 
61.2 
91.5 

12 

65 

B 3  
2.8 

L t  o i l  
H2 

SSOLa 

460 
2600 

OTR 

47.9 
61.6 
90.1 

14 

aSSOL = A04/SRCMD, 60 /40  by weight  ( s e e  Table  2 ) .  

bOTR = 1% inch  by 5 f o o t  open t u b u l a r  r e a c t o r .  

TABLE 2 

PROPERTIES OF SOLVENT COMPONENTS 

Proton  NMR % % 

O i l  C H N S H / C  Ash Ha H H Alkane Phenols 
___ - - - - - - H a r - o p h e - -  
a'bHAOB1 90.49 5.87 0.85 0.53 0.78 0.0 24.3 32.5 43.2 -- 9 

aA04 90.84 5.98 0.85 0.49 0.79 0.0 70.0 19.5 10.5 -- 2 

-- 
--  

'SRCMD 88.53 6.88 0.85 3.28 0.93 0.0 58.0 22.0 10.0 5 8 32 

aAnthracene o i l  o b t a i n e d  from Crowley Tar  and Chemical Company. 

bHydrogenated a n t h r a c e n e  o i l  bot toms (Co-Mo c a t a l y s t ,  420°, 3500 p s i ) ,  n o t e - - o r i g i -  
n a l l y  A04 and unhydrogenated A O B l  were v e r y  d i f f e r e n t .  

'SRC middle  d i s t i l l a t e  from F t .  L e w i s ,  Washington, SRC P i l o t  P l a n t ,  Powhatan No. 5, 
ASTM D-86. 
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Reactor Passes 

FIGURE 3 .  - Variation in fraction o f  aromatic carbon, f a ,  for slurry 
d i s t i l l a t e  w i t h  number o f  reactor passes, Run 65. 
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FIGURE 4 .  - Variation in 
concentration o f  
fluoranthene with 
pass number, 
Run 65. 
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F l G U R l  5 .  - Varlat lon I n  rolmnncnt conrcnfratlon d t h  Pass through the 
rcactnr. Run 61. 
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